Aim: Noscapine (NOS) is a non-narcotic opium alkaloid with anti-tumor activity. The aim of this study was to investigate the effects of the combination of NOS with conventional chemotherapeutics temozolamide (TMZ), bis-chloroethylnitrosourea (BCNU), or cisplatin (CIS)on human glioblastoma cells. Methods: U87MG human glioblastoma cells were examined. Cell proliferation was quantified using MTT assay. Western blotting and flow cytometry were used to examine apoptosis and the expression of active caspase-3 and cleaved PARP. Mouse tumor xenograft model bearing U87MG cells was treated with TMZ (2 mg·kg -1 ·d , ig) for 3 weeks. Immunohistochemistry was used to investigate the expression of active caspase-3 and Ki67 following treatment in vivo. The safety of the combined treatments was evaluated based on the body weight and histological studies of the animal's organs. Results: NOS (10 or 20 mol/L) markedly increased the anti-proliferation effects of TMZ, BCNU, and CIS on U87MG cells in vitro. The calculated combination index (CI) values of NOS-CIS, NOS-TMZ, and NOS-BCNU (20 μmol/L) were 0.45, 0.51, and 0.57, respectively, demonstrating synergistic inhibition of the drug combinations. In tumor xenograft models, combined treatment with NOS robustly augmented the anti-cancer actions of TMZ and CIS, and showed no detectable toxicity. The combined treatments significantly enhanced the apoptosis, the activated caspase-3 and PARP levels in U87MG cells in vitro, and reduced Ki67 staining and increased the activated caspase-3 level in the shrinking xenografts in vivo. Conclusion: NOS synergistically potentiated the efficacy of FDA-approved anti-cancer drugs against human glioblastoma cells, thereby allowing them to be used at lower doses and hence minimizing their toxic side effects.
Introduction
Noscapine (NOS), a naturally occurring anti-tussive phthalideisoquinoline alkaloid, is a tubulin-binding, anti-cancer agent. It binds to tubulin, altering its conformation and assembly properties [1] and interfering with microtubule dynamics [2, 3] . However, NOS does not significantly change the microtubule polymer mass, even at higher concentrations [2, 4] . NOS arrests the cell cycle in a variety of mammalian cells, including drugresistant variants, targeting these cells for apoptosis [1, [4] [5] [6] . It also inhibits the progression of many cancer types and has no detectable toxicity to rapidly dividing cells and post-mitotic cells, such as neurons. Notably, NOS does not inhibit primary humoral or cellular immune responses in mice [7] . Unlike currently available anti-microtubule drugs, such as taxanes and vincas, NOS is orally available, well-tolerated and shows no detectable toxicity in mice and humans [8, 9] . Microtubules are major cytoskeletal structures that are responsible for maintaining genetic stability during the mitotic phase of the cell cycle [10] . The highly dynamic nature of microtubules is required for mitosis [11] . Microtubule inhibitors are classified into two groups: stabilizing and destabilizing agents. Microtubule-stabilizing agents, including taxanes and epothilones, operate by promoting polymerization and increasing the microtubule polymer mass in cells. Destabilizing agents, such as the vinca alkaloids, depolymerize microtubules, inhibit polymerization, and decrease the polymer mass [12] . The effec-tiveness of microtubule-targeting drugs for cancer therapy is impaired by various side effects, notably neurological and hematological toxicities [11] . Anti-microtubule drugs that are currently used in the clinic, such as vincas and taxanes, have limited efficacy due to the emergence of drug resistance. Multiple mechanisms of anti-microtubule drug resistance have been described, including overexpression of drug-efflux pumps, altered expression of tubulin isotypes, and mutational lesions in tubulin itself [13] [14] [15] . It has also been shown that NOS and its analogs can be used to successfully treat paclitaxel resistant ovarian cancer and T-cell lymphoma [4, 16] . Gliomas are the most common primary tumors of the brain. Glioblastoma multiforme (GBM), grade IV, is the most frequent and aggressive glioma, with a median survival of approximately 12-14 months, despite complete surgical resection followed by radiation and chemotherapy with temozolamide (TMZ). The poor prognosis for GBM has not improved for several decades. Hence, novel and effective therapeutic interventions for GBM are urgently needed to increase the survival of GBM patients. TMZ is an oral alkylating agent that is used for the treatment of Grade IV GBM and melanoma. Another drug in this class of agents is carmustine, or bis-chloroethylnitrosourea (BCNU), a mustard gas-related β-chloronitrosourea compound that is able to form interstrand crosslinks in DNA, thereby preventing DNA replication and transcription. Cisplatin (CIS) is also a canonical drug for the treatment of malignant gliomas [17] . All of these drugs are cytotoxic DNA damaging agents that display unfavorable side effects in clinical application.
Because NOS crosses the blood-brain barrier and inhibits glioblastoma growth [6] , we tested whether it has a synergistic effect in combination with the three FDA-approved drugs mentioned above. Here, we report that the combination of NOS and TMZ, BCNU, or CIS increases the cytotoxicity of these standard chemotherapeutic agents toward U87MG glioblastoma cells, and these combination therapies have pronounced synergistic anti-tumor activities in vivo. These findings warrant further development of a combinatorial therapy regimen for treating a variety of human cancers, including glioblastoma.
Materials and methods
Cells, reagents, and mice U87MG human glioblastoma cells were cultured in DMEM supplemented with 10% FBS and penicillin (100 units/mL)-streptomycin (100 g/mL), and glutamine (2 mmol/L) and maintained at 37 °C with 5% CO 2 in a humidified incubator. CIS, NOS, TMZ, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazol-iumbromide (MTT), and BCNU were purchased from Sigma, USA. NOS, TMZ, CIS, and BCNU were freshly prepared in dimethyl sulfoxide (DMSO) as stock solutions at a concentration of 100 mmol/L. Then, cells were treated with the drugs at the indicated concentrations (after dilution of the stock solution in culture medium). Active-caspase-3 and Ki67 antibodies were purchased from Cell Signaling, Inc (Danvers, MA, USA). The horseradish peroxidase linked IgG secondary antibody was purchased from GE healthcare (Pittsburg, PA, USA). The Histo-SP AEC kit was obtained from Invitrogen, Inc (Grand Island, NY, USA). Nude mice (nu/nu) (for tumor growth assay) and C57BL/6J mice (for toxicological revaluation) of 5-6 weeks of age were obtained from the NCI. The mice were housed in standard conditions (5 mice/cage maximum) and fed autoclaved chow and water, with 12 h light and dark cycles. All efforts were made to minimize the animals' discomfort. The animals required physical restraint for the injection of tumor cells, delivery of drugs, and measurement of tumor size with calipers (hand-held). All procedures were approved by the Institutional Animal Care and Use Committee of Emory University.
In vitro proliferation assay and flow cytometric analysis Cells were seeded and cultured in 96-well plates (4000 cells/ well). The next day, the medium was replaced with fresh medium containing different concentrations of the drugs or vehicle controls. The cells were incubated at 37 °C for the indicated times. After treatment, the cells were incubated for three hours with 0.5 mg/mL MTT solution at 37 °C. Finally, the solution was decanted, and 100 μL of DMSO was added to dissolve the purple formazan crystals. The absorbance of the resulting solution was measured at 570 nm with a microplate reader (Synergy 2, BioTek, VT, USA). Flow cytometric analysis was used to quantitatively examine apoptosis after drug treatment. After 24 h of treatment, the cells were stained with propidium iodide and analyzed with flow cytometry, as described previously [18] .
Determination of combination index
The interaction between NOS and the chemotherapeutics was quantified by determining the combination index (CI), which was calculated according to the median-effect principle [19] . The equation for the isobologram was as follows: CI=(D)1/ (Dx)1+(D)2/(Dx)2, where (Dx)1 and (Dx)2 indicate the individual dose of NOS and the chemotherapeutic required to inhibit a given level of cell growth, and (D)1 and (D)2 indicate the doses of NOS and the chemotherapeutic necessary to produce the same effect in combination, respectively. The combined effects were scored on the following scale: CI<1, synergism; CI=1, additive effect; and CI>1, antagonism. Data analysis was performed with Calcusyn software (Biosoft, Oxford, UK).
Tumor xenograft studies U87MG cells (4×10 6 ) in 100 μL of serum free DMEM medium were inoculated subcutaneously (sc) into one flank of 5-to 6-week-old, female nude mice. Treatment commenced once tumors reached the mean volume indicated in the appropriate figure legend. The mice were randomly divided into different groups that were treated with vehicle (0.9% NaCl solution, QD), TMZ (2 mg/kg, ip QD), CIS (2 mg/kg, ip 3 times a week), NOS (200 mg/kg, ig QD), TMZ (2 mg/kg, ip) with NOS (200 mg/kg, ig), or CIS (2 mg/kg, ip) with NOS (200 mg/kg, ig) for three weeks. Tumor volume (mm 3 ) was determined using the )/2, where length was the longest axis and width was the measurement perpendicular to the length. Data are expressed as mean tumor volume±SD for each treatment group. Twenty-four hours after the last treatment, the animals were sacrificed, and the tumors were collected and weighed.
Immunohistochemistry analysis
Tumors were fixed in 4% paraformaldehyde overnight, followed by paraffin embedding. Sections (8 μm) were deparaffinized in xylene and rehydrated in graded alcohols. Endogenous peroxidase activity was blocked by 3% hydrogen peroxide for 5 min, and all slides were boiled in 10 mmol/L citrate buffer (pH 6.0) for 10 min. Acitvie-caspase-3 and Ki67 were detected using specific primary antibodies and the Zymed Histo-SP AEC kit. The slides were then counterstained with hematoxylin.
Western blot analysis
Cells were lysed in RIPA buffer and centrifuged for 15 min at 4 °C. Total protein was quantified using the Bradford reagent, and equal amounts of total protein were mixed with 4×SDS sample buffer, incubated at 95 °C for 5 min, and separated by SDS-PAGE. After electrophoresis, proteins were transferred to a nitrocellulose filter membrane (Bio-Rad, MA, USA) and blocked for 1 h at room temperature. Each membrane was incubated with the appropriate primary antibody at 4 °C overnight. The blots were then incubated with HRP-conjugated secondary antibodies for 1 h, washed three times with PBST, and visualized using the Immobilon Western Chemiluminescent HRP Substrate (Millipore Co, Billerica, MA, USA).
Toxicological study
To assess changes in hepatic and renal function after treatment, blood was collected by heart puncture using heparinrinsed 1 mL syringes prior to sacrifice. The levels blood urea nitrogen (BUN) and creatinine (Cr) were used to assess changes in liver and renal function. For histological analyses, formalin-fixed, paraffin-embedded tissue sections were stained with H&E and evaluated by light microscopy. The tissues examined included the heart, lung, brain, liver, kidney, spleen, muscle, small intestine, and stomach.
Statistical analysis
Data are presented as the mean±SD of two or three independent experiments. Statistical evaluation was performed using the Student's t-test or one-way ANOVA. Differences were considered to be statistically significant when P<0.05. All statistical analyses were performed using Prism software (GraphPad Software, La Jolla, CA, USA).
Results
Synergistic anti-proliferative effect of combined treatment with conventional chemotherapeutics and NOS As NOS exhibited tumor-inhibitory activity in a pre-clinical model of GBM [6, 20] , we further explored whether NOS demonstrates a therapeutically beneficial effect when administered in combination with canonical chemotherapeutics. U87MG cells were treated with 10 or 20 µmol/L of NOS in the presence or absence of the indicated drugs at different doses (5, 10, 20, 50 , and 100 µmol/L) for 72 h. Cell proliferation assays revealed that TMZ alone suppressed proliferation in a dose-dependent manner. When combined with NOS, TMZ displayed much stronger anti-proliferative activity toward U87MG cells ( Figure  1A ). Similar effects were observed with BCNU and CIS ( Figure 1B and 1C) . NOS has been extensively studied, and it is considered to be a promising anti-cancer drug with low toxicity [21] . We next examined whether these chemotherapeutics also exert a similar effect in the presence of NOS. Accordingly, we treated cells with 10 or 20 µmol/L of TMZ, BCNU or CIS in combination with different concentrations of NOS (5, 10, 20, 50, or 100 µmol/L). MTT assays revealed that the combination of NOS with TMZ, BCNU, or CIS enhanced the antiproliferative effect of NOS ( Figure 1A , 1B, and 1C). Higher concentrations (20 µmol/L) of TMZ, BCNU, or CIS showed a much more potent effect than the lower concentration (10 µmol/L) when combined with NOS. To further confirm the observed synergistic effect, we employed Median Effect Analysis. The combined effect of NOS and TMZ/BCNU/CIS at 10 and 20 µmol/L (NOS: TMZ/BCNU/CIS molar ratio was 1:1) was determined using the combination index (CI) method of Chou and Talalay [18] . The calculated CI values (20 µmol/L) of NOS-CIS, NOS-TMZ, and NOS-BCNU were 0.45, 0.51, and 0.57, respectively. The CI value for each combination was <1 ( Figure 1D ), indicating there is a synergistic inhibitory effect of these drug combinations on U87MG cells [22] . Collectively, our data show that NOS dramatically potentiates the anti-proliferative activities of TMZ, BCNU, and CIS against U87MG cells.
Synergistic anti-tumor activities of the combined chemotherapies in vivo
We next tested whether low doses of TMZ/CIS displayed enhanced anti-cancer activity when concomitantly delivered together with NOS in tumor xenograft models. Nude mice were subcutaneously injected with 4×10 6 U87MG cells in the dorsal flank region. Tumors were allowed to grow to approximately 100 mm 3 in size. Then, the mice were randomized into 6 groups and treated either with one of the following regimens: vehicle alone, individual drugs alone (TMZ, NOS, CIS), or individual drugs in combinations with NOS (Figure 2A ). TMZ and CIS were administered via intraperitoneal injection, whereas NOS was administered via oral gavage once a day for 21 consecutive days. The tumor growth curve demonstrated that NOS alone displayed a remarkable inhibitory effect, TMZ exhibited a lower anti-proliferative activity than NOS, and CIS showed modest activity. Nonetheless, the combination of TMZ and NOS potently suppressed tumor growth, whereas the combination of CIS and NOS slightly reduced the tumor suppressive activity (Figure 2A ). Quantitative analysis of the tumor weights fit well with the tumor growth curve ( Figure  2B ). Compared to the mice that were treated with single drugs, NOS treatment significantly shrunk the tumor size.
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Acta Pharmacologica Sinica npg tumor shrinkage observed in our experiments, we examined the levels of active caspase-3 and PARP cleavage by using Western blotting. As shown in Figure 3A , TMZ, BCNU, CIS, and NOS alone moderately enhanced the expression of active caspase-3 compared to the control. However, the combination of these chemotherapeutics and NOS notably increased the levels of active caspase-3 ( Figure 3A and 3B) . Moreover, co-treatment with NOS and TMZ, BCNU, or CIS induced PARP cleavage ( Figure 4A ). We further quantified the levels of apoptosis by flow cytometric analyses. As shown in Figure  3C , combination therapy with NOS synergistically enhanced the apoptosis-inducing effect of TMZ, BCNU, and CIS compared to treatment with the single agents alone. Immunohistochemical analysis showed that combination therapy with NOS and TMZ or CIS increased the active-caspase-3 levels in tumor tissues, which was consistent with our in vitro data (Figure 3D) . Moreover, Ki67 staining revealed that cell proliferation was significantly reduced by the combination therapies compared to single drug treatment ( Figure 3D ).
The most impressive results were obtained with the combination of TMZ and NOS (1.87-fold decrease by tumor size and 2.05-fold decrease by tumor weight), followed by the CIS-NOS group (1.72-fold decrease by tumor size and 1.66-fold decrease by tumor weight) ( Figure 2B and 2C) . The CI values were 0.471 and 0.695 for the TMZ-NOS and CIS-NOS treated groups, respectively. These data indicate that NOS, when given in a combinatorial regimen, significantly decreases the doses of TMZ and CIS required to achieve therapeutic efficacy in GBM treatment.
Synergistic apoptosis-inducing effect of NOS and conventional chemotherapeutics on U87MG cells in vitro and in vivo NOS was previously shown to induce apoptosis in glioblastoma cells at a concentration of 100 µmol/L in vitro [23] . The concentrations needed for TMZ, BCNU, and CIS to exert their apoptosis-inducing effect are between 50 and 200 µmol/L [24] [25] [26] . Our data demonstrated that NOS significantly enhanced the anti-cancer effect of these chemotherapeutics in vitro and in vivo. To determine whether apoptosis was responsible for the 
Toxicological evaluation
In clinical studies, the standard doses for TMZ and CIS are 150 mg/m 2 (33.8 mg/kg for mice) and 75 mg/m 2 (16.9 mg/kg for mice), respectively. At these doses, these drugs have significant side effects. The most common side effect of TMZ treatment is gastrointestinal toxicity [27] , and the major reported toxicity from CIS treatment is nephrotoxicity [28] . Because therapy-limiting toxicities are a major impediment to effective chemotherapy, we performed toxicological evaluations using experimental animals. Mice were treated with the same drug combinations described previously, and two additional groups were added: high dose TMZ and CIS single agent treatments. Mice treated with the combination therapies showed no significant changes in body weight compared to the controls. In contrast, the body weights of animals treated with high doses of TMZ and CIS decreased rapidly over the duration of drug treatment ( Figure 4A ). Biochemical analyses of serum revealed abnormal kidney function with increased BUN and Cr in the mice treated with high doses of CIS or TMZ, whereas the combination of these drugs and NOS exerted no adverse effect on these parameters (Table 1) . Hematoxylin and eosin staining revealed that the NOS and CIS/TMZ treated mice showed no demonstrable histological changes compared to the control mice (data not shown). However, high dosages of TMZ (33.8 mg/kg) and CIS (8.4 mg/kg) led to kidney damage ( Figure 5B ). Taken together, these data indicate that, compared to vehicle controls, the combination of low dose CIS/ TMZ and NOS exerted no detectable toxicity in vivo.
Discussion
Cancer is driven by a combination of gene mutations. Accordingly, blockage of one specific signaling pathway using targeted monotherapy has negligible therapeutic efficacy in most human cancers. The combination of various chemotherapeutic agents is broadly used for treating a variety of cancers. Owing to the highly infiltrative and invasive features of GBM, it is impossible to completely eradicate these malignant tumors though surgical resection. Inevitably, these tumors recur, thereby necessitating chemotherapy. TMZ is currently the [29] . In laboratory studies, it has been found that TMZ killed brain tumor cells more efficiently when epigallocatechin gallate (EGCG), a component of green tea, was added; however, the efficacy of this effect has not yet been confirmed in brain tumor patients [30] . Moreover, in clinical trials, the combination of BCNU (150 mg/m 2 ) plus TMZ (110 mg/m 2 ) as neo-adjuvant therapy in inoperable GBM exhibited promising activity with a good safety profile [31] , indicating that concomitant chemotherapy might be beneficial for patients with GBM.
Notably, it was previously shown that NOS and diltiazem could augment taxol-and radiation-induced S-phase arrest www.nature.com/aps Qi Q et al Acta Pharmacologica Sinica npg and clonogenic death in C6 glioma cells in vitro [32] . In alignment with our exciting synergistic anti-cancer effect, exerted by NOS and various FDA-approved drugs, it was recently reported that NOS significantly decreases TMZ-resistant glioma cell growth and invasion. In the intracranial xenograft model, it was shown that NOS increases the survival of animals with TMZ-resistant gliomas. This study suggests that NOS can provide an alternative therapeutic approach for the treatment of TMZ-resistant gliomas [33] . NOS and its derivatives have been shown to be effective for a variety of other drug-resistant and hormone-refractory tumor types [4, 16, 34] . FDA-approved cytotoxic anti-cancer drugs possess mechanism-based side effects and toxicities. For example, the most common non-hematological adverse effects associated with TMZ are nausea and vomiting. These effects are usually mild to moderate (grade 1 to 2). In addition, TMZ can have genotoxic effects. BCNU also has a variety of side effects, including pulmonary toxicity, hematologic toxicity, gastrointestinal toxicity, hepatotoxicity and renal abnormality. CIS has a number of side effects that can limit its use, of which nephrotoxicity is a major concern. At doses in the therapeutic range, CIS can also trigger neurotoxicity, nausea, vomiting, hearing loss and myelotoxicity. Our in vivo experiments show that when combined with NOS, a very low dose of these cytotoxic anti-cancer drugs can exert a potent tumor-inhibitive effect without organ toxicity. If this outcome holds true in the clinical setting, this approach will have a positive impact on both the quality of life of patients and the therapeutic outcome.
Our study shows that the combination of NOS and conventional therapeutics exhibits a synergistic effect against U87MG human glioblastoma cells. If NOS is used as an adjuvant in this manner, the dose of these approved anticancer drugs can be greatly reduced, reducing potential side effects and toxicities. The potential for combining NOS with conventional Compared to the vehicle, the kidneys from mice that received the combination of CIS (2 mg/kg) and NOS showed no significant histological changes. Kidneys from mice that received the combination of TMZ (2 mg/kg) and NOS exhibited subtle tubulization of the Bowman capsule (arrow). Kidneys from the mice that received high dose TMZ (33.8 mg/kg) showed significant peritubular and intraglomerular congestion (arrow) of the capillary vessels and focal coarse vacuolization of the proximal tubules (asterisk). Kidneys from the mice that received high dose CIS (8.4 mg/kg) showed mild congestion of the capillary vessels, focal acute tubular necrosis (asterisk) and dilation of the distal and proximal collection ducts (arrow). NOS, noscapine; TMZ, temozolamide; BCNU, bis-chloroethylnitrosourea; CIS, cisplatin.
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